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7 [1] The Puerto Rico trench exhibits great water depth, an extremely low gravity anomaly,
8 and a tilted carbonate platform between (reconstructed) elevations of +1300 m and
9 �4000 m. I argue that these features are manifestations of large vertical movements of a
10 segment of the Puerto Rico trench, its forearc, and the island of Puerto Rico that took place
11 3.3 m.y. ago over a time period as short as 14–40 kyr. I explain these vertical
12 movements by a sudden increase in the slab’s descent angle that caused the trench to
13 subside and the island to rise. The increased dip could have been caused by shearing
14 or even by a complete tear of the descending North American slab, although the exact
15 nature of this deformation is unknown. The rapid (14–40 kyr) and uniform tilt along
16 a 250 km long section of the trench is compatible with scales of mantle flow and plate
17 bending. The proposed shear zone or tear is inferred from seismic, morphological,
18 and gravity observations to start at the trench at 64.5�Wand trend southwestwardly toward
19 eastern Puerto Rico. The tensile stresses necessary to deform or tear the slab could
20 have been generated by increased curvature of the trench following a counterclockwise
21 rotation of the upper plate and by the subduction of a large seamount.

22 Citation: ten Brink, U. (2005), Vertical motions of the Puerto Rico Trench and Puerto Rico and their cause, J. Geophys. Res., 110,

23 XXXXXX, doi:10.1029/2004JB003459.

25 1. Introduction

26 [2] Dynamic topography, that component of the topogra-
27 phy, which is not isostatically, compensated, provides one
28 of the few observations into the sublithospheric structure
29 and processes in subduction zones [Buiter et al., 2001;
30 Giunchi et al., 1996; Zhong and Gurnis, 1992, 1994]. For
31 example, the extreme depth of oceanic trenches at subduc-
32 tion zone is thought to be in part due to slab pull forces. The
33 Puerto Rico trench (PRT), with water depths of up to
34 8340 m, is the deepest part of the Atlantic Ocean, yet the
35 relative plate motion along the PRT is predominantly strike
36 slip with only a small component of North America
37 (NOAM) plate subduction (N70�E [Calais et al., 2002;
38 Mann et al., 2002]). The maximum slab depth under Puerto
39 Rico and the Virgin Islands as revealed by earthquakes is
40 only 150 km (Figure 1a), although the true depth extent of
41 the slab has not been determined in tomographic studies.
42 The gravity anomaly over trenches is another measure of
43 their departure from isostatic equilibrium. Oceanic trenches
44 are associated with very large negative free-air gravity
45 anomalies. The PRT, despite being less deep than many
46 Pacific Ocean trenches is associated with the most negative
47 free-air gravity anomaly on earth, �380 mGal. The most
48 negative anomaly is not located at the deepest point of the
49 trench, but 50 km to the south, where the forearc is
50 unusually deep, 7950 m (Figure 1b).

51[3] Just how unusual these observations are can be
52appreciated by comparing the gravity and bathymetry of
53the PRT to other subduction zones. The South Sandwich
54subduction zone (Figure 2) is most often compared to the
55Antilles in its tectonic setting. The maximum water depth
56(�7500 m) and minimum free-air gravity anomaly
57(��260 mGal) of the South Sandwich trench are located
58at the plate corner, whereas in the PRT, the deepest part
59is located west of the plate corner. A local gravity
60minimum at the curved northern end of the Tonga trench
61is associated with a local deep, but the deepest part of the
62trench and the lowest gravity anomaly are located farther
63south along the relatively straight segment of the trench
64(Figure 2). The Challenger Deep in the Mariana trough,
65the deepest place on Earth (�11 km), resembles the PRT
66in some aspects, although its gravity anomaly is slightly
67less than that of the PRT. The trench outer slope is very
68steep and is highly faulted [Fujioka et al., 2002]. The
69formation of the Challenger Deep was attributed to the
70passage and collision of the Caroline Ridge with
71the Mariana Trough [Fujioka et al., 2002], to a tear in
72the subducting plate [Fryer et al., 2003], or to a narrow
73coupling zone between the subducting and overriding
74plate [Gvirtzman and Stern, 2004].
75[4] Many models, which cover almost the entire spectrum
76of tectonic processes, have been published during the past
7740 years to explain the unusually deep water and the
78negative gravity anomaly in the PRT. However, these
79processes are incompatible with the observations below of
80the trench collapse, its geographical extent, and its timing
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81 and duration. Here I propose a new hypothesis for the great
82 water depth and the negative gravity anomaly of the PRT.
83 I start by arguing that the anomalous bathymetry and
84 gravity are due to the collapse of a segment of the trench
85 relative to the adjacent trench segment, and I estimate the
86 time and the duration of the collapse. I then propose that
87 the collapse was caused by an abrupt increase in slab dip,
88 perhaps following internal deformation or tearing of the
89 slab NE of Puerto Rico. I point out that the collapse was
90 accompanied by the rise of the island of Puerto Rico,
91 which can also be explained by the increased slab dip.

92Finally, I analyze the forces that could have deformed the
93slab at this place. The paper ends with a discussion of
94alternative explanations for the collapse of the trench and
95the rise of the island.

962. Evidence for Trench Collapse

972.1. Bathymetry and Seismic Reflection

98[5] The trench floor north and NE of the Virgin Islands
99(east of longitude 64.5�W) is 7000–7500 m deep, and is
100very narrow (Figure 1b), reflecting the paucity of sediment

Figure 1
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101 supply to the trench. The trench floor farther west between
102 65.3�–68.5�W is deeper (8340 m), wider, and flat. The
103 forearc south of this collapsed section of the trench is also
104 unusually deep, reaching 7950 m, compared with the much
105 shallower forearc north of the Virgin Islands.
106 [6] Seismic profiles show that the deep, flat, and wide
107 trench floor west of 64�W is underlain by normal-fault
108 bounded blocks that appear to have rotated southward by
109 collapse of the trench floor (Figure 3, NAT 44). In contrast,
110 the fault bounded blocks under the narrow and shallower

111trench east of longitude 64.5� are not rotated, and descend
112in a ‘‘staircase’’ fashion under the overlying Caribbean plate
113(Figure 3, Prico 3).
114[7] Puerto Rico and the Virgin Islands are situated on an
115older arc (Cretaceous to early Tertiary) that has been
116covered by a carbonate platform since the Late Oligocene
117[Larue et al., 1998]. Although the carbonate platform was
118deposited horizontally close to sea level, it is presently tilted
119northward at approximately 4� and its northward edge
120reaches a depth of 4000 m [Moussa et al., 1987]

Figure 1. (a) Seismicity from the relocated global earthquake database [Engdahl et al., 1998] and the main tectonic
features in the NE Caribbean region. Thick arrows are relative direction of plate convergence. Insets show cross sections of
seismicity located within 111 km of the dashed lines in the main figure. Bathymetry (blue) and two estimates of the crust-
mantle interface from two different 3-D inversions of the gravity field (red and green) (J.L. Martin and U.S. ten Brink,
unpublished data) are also shown. Thick horizontal black lines are estimates of Moho depth from Fischer and McCann
[1984] and Brown and Gurrola [2002]. (b) Shaded bathymetry of the northeast Caribbean and outline of the gravity
anomaly (in mGal) over the PRT. Bathymetry contour interval is 0.5 km. Color bathymetry combines multibeam
bathymetry at depths >2500 m, single-beam bathymetry at shallower depths, and lidar near shore (see ten Brink et al.
[2004] for details). Dashed line is approximate location of proposed tear in the NOAM plate. Thin brown line is the extent
of carbonate platform [van Gestel et al., 1999]. Red dots show the subcrustal earthquake swarm during 16–22 October
2001, located by the Puerto Rico Seismic Network. Numbers with a degree symbol mark the tilt of the carbonate platform.
Beach balls show earthquake focal mechanisms since 1976 from the Harvard CMT catalog. X is the location of the
broadband seismic station SJG used for the receiver function analysis.

Figure 2. Free-air gravity G (in mGal) and bathymetry T (in m) [Sandwell and Smith, 1997; Smith and
Sandwell, 1997] of several tightly curved subduction zones.
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121 (Figure 1b). The dip of the carbonate platform is remarkably
122 uniform along the 250 km long northern shelf of Puerto
123 Rico and the U.S. Virgin Islands (Figure 4). To the south,
124 the carbonate platform rises onshore in northern Puerto
125 Rico, maintaining its constant undisturbed dip up to 20 km
126 inland (Figure 1b), where it is completely eroded [Zapp et
127 al., 1948]. Were it not eroded, the platform top would have
128 reached there an elevation of 1300 m above sea level. In
129 contrast to Puerto Rico, the platform is flat at sea level
130 around the Virgin Islands (Figure 1b).

131 2.2. Gravity

132 [8] The PRT is associated with the lowest free-air gravity
133 anomaly on Earth. As expected, the shape of the free-air
134 gravity anomaly mimics the bathymetry (Figure 1b). How-
135 ever, the lowest gravity anomaly is located over the forearc,
136 where water depth is reaches 7950 m, and not over the
137 trench itself, probably because the crust there is thicker than
138 in the trench. The extremely negative anomaly (as defined
139 by the �250 mGal contour) ends NE of Puerto Rico along a
140 NW-SE orientation, across which the forearc bathymetry is
141 significantly shallower.
142 [9] The residual gravity anomaly, which compensates for
143 the variations in water depth, is also 40 mGal more negative
144 in the area of the minimum free-air gravity anomaly than in
145 the forearc farther east (Figure 5a). The residual gravity is
146 the free air anomaly minus the contributions of the water
147 layer and of a constant 7 km thick crust. It reflects variations
148 in sediment thickness, crustal thickness, and mantle density.
149 Sediment thickness in the PRT is relatively small, and
150 mantle density variations are expected to produce longer
151 wavelength anomalies. Therefore the negative residual
152 gravity in the area of minimum free-air gravity anomaly
153 probably reflects a thicker crust relative to the forearc
154 farther east. 2-D gravity models along several seismic lines
155 in the area (Figure 5) indicate that the lateral change in the
156 residual gravity is indeed caused by variations in the crustal

157thickness of the forearc. In particular, models across the
158collapsed part of the trench (Figures 5c and 5d) show a
159steeper subduction interface near the trench and a
160thicker forearc crust than the model outside the anomaly
161(Figure 5b).

1622.3. Earthquakes

163[10] The shape of the slab at larger depths is generally
164outlined by earthquakes (the Wadati-Benioff zone). Al-
165though the number of earthquakes from the global relo-
166cated earthquakes data set [Engdahl et al., 1998] is too
167small to map the slab dip in the NE Caribbean with
168certainty, the Wadati-Benioff zone appears to be steeper
169in the collapsed segment of the trench than in the to the
170east (Figure 1a, inset). Locally recorded earthquakes also
171appear to show a steeper slab north and northwest of
172Puerto Rico than northeast of Puerto Rico [McCann,
1732002, Figure 4].

1753. Timing and Duration of Trench Collapse

176[11] The Pliocene Quebradillas Formation is the upper-
177most part of the carbonate section [Moussa et al., 1987]. It
178is found both onshore and offshore Puerto Rico along
179almost the entire width of the island and, where not eroded,
180has a uniform thickness [Moussa et al., 1987]). The lower
181part of the formation was deposited at water depths >200 m
182and the upper parts were deposited close to sea level
183[Moussa et al., 1987]. The formation is separated from
184the underlying Oligocene-Miocene carbonate layers by an
185erosional unconformity that represents a hiatus in deposition
186during the time when the carbonate platform was slightly
187above sea level. [Monroe, 1980]. Moussa et al. [1987,
188p. 438] noted that ‘‘the dip of the Quebradillas is the same
189as that of the underlying units, both onshore and offshore,
190averages 4�, and is constant through the full length of the
191island’’. The monotonous tilt of the carbonate platform is

Figure 3. Comparison between geometry of the subducting NOAM plate along two migrated seismic
profiles across the trench, (a) one within the collapsed trench region and (b) the other outside the region
of collapse. See Figure 1b for location.
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192 generally undisturbed by faults [Meyerhoff et al., 1983;
193 Moussa et al., 1987; Larue et al., 1998; van Gestel et al.,
194 1999] (Figure 4). A rapid tilting of the platform is
195 inferred because no layers with lower dips have accumu-
196 lated on top of the Oligocene-Pliocene carbonate plat-
197 form. The only accumulation of post-Quebradillas rocks
198 is the buildup of a narrow (<3 km wide) and shallow (0–
199 100 m deep) shelf near shore (Figure 4a). Outcrops close
200 to the coast record Plio-Pleistocene deposits, younger than
201 3.3 Ma [Moussa et al., 1987]. I interpret the narrow shelf
202 to be the only part of the margin where coral growth and
203 carbonate precipitation kept pace with subsidence. Subsi-
204 dence rate presumably increased linearly with distance
205 seaward and was slow enough only in the vicinity of the
206 shoreline near the hinge of the tilted platform to allow the
207 shelf to grow (Figure 4b).
208 [12] If we know the thickness of the shelf edge, and
209 the subsidence rate at the shelf edge, we can derive the
210 duration of the tilting episode. The maximum subsidence

211rate at which shelf buildup could keep up with the tilting
212should be equal to the maximum growth rate of reefs or to
213the maximum sedimentation rate of carbonates. The max-
214imum growth rate of Acropora palmata, a common
215shallow water coral in Puerto Rico and other Caribbean
216Islands, is 14 mm/y [Buddemeier and Smith, 1988]. The
217maximum sedimentation rate of carbonate platforms cal-
218culated over a time interval �10,000 years, is 5–11 mm/y
219[Schlager, 1998b]. The maximum carbonate production
220rate in back reefs and lagoons is 0.5 mm/y [Bosence
221and Waltham, 1990].
222[13] The maximum thickness of the shelf is estimated as
223follows: The average width of the shelf north of Puerto Rico
224(Figure 4a), measured between the shoreline and the 100 m
225depth contour, is 2.66 km. The shelf edge does not appear to
226be eroded because the 100 m contour generally mimics the
227coastline (edge of light pink color in Figure 1b). With an
228average platform tilt angle of 4�, the shelf edge was built
229upward from a depth of 186 m (Figure 4b). Sea level in the

Figure 4. (a) Side view of the uniformly tilted carbonate platform and the narrow shelf north of Puerto
Rico. White line is the location of the profile in Figure 4c. (b) Graphical representation of the method
used to calculate the duration of the tilt event. (c) Section of migrated seismic profile NAT44 across the
carbonate platform showing the uniform tilt of carbonate layers with depth. M is the water column
multiple.
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Figure 5
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230 Middle Pliocene was �25 m above the present sea level
231 [Dowsett et al., 1999]. Therefore, at the northern edge of the
232 narrow shelf, a reef had to grow (or carbonates had to be
233 deposited) to a maximum of 211 m during the tilt event
234 to catch up with the subsidence. However, Acropora
235 palmata can grow in water as deep as 13–16 m
236 [Blanchon et al., 2002]. Therefore only corals that were
237 no deeper than 13–16 m at the end of the tilting event
238 could have continued to grow.
239 [14] We can now divide the shelf thickness at the shelf
240 edge by its subsidence rate to find the duration of the tilt. If
241 the subsidence rate equals the growth rate of the corals, then
242 198 m (211 m minus 13 m) divided by 14 mm/y gives the
243 shortest time window of 14,140 years for the tilt event. (The
244 duration will be even shorter if we choose 16 m as
245 the limiting depth of coral growth). The longest time period
246 for the tilt event is estimated as 198 m divided by the rate of
247 carbonate sedimentation (5 mm/y), which yields
248 39,600 years to complete. However, if the carbonate sedi-
249 mentation was the limiting rate for shelf growth, the
250 thickness of the shelf edge at the end of the tilt event could
251 have been smaller than 198 m, because maximum carbonate
252 production takes place within 20 m of the surface and
253 decreases to zero at 150 m water depth [Schlager, 1998a],
254 and therefore the tilt duration would have been shorter than
255 39,600 years. Even if the published maximum rates of coral

256growth is off by an order of magnitude, or the shelf growth
257is limited by the rate of carbonate production (0.5 mm/y
258[Bosence and Waltham, 1990]), the estimated duration of
259the tilting, 0.15–0.4 Ma, had to be very rapid.

2604. What Caused the Collapse of Part of the PRT
261and Forearc?

262[15] I propose that a portion of the PRT and the forearc
263collapsed during a short time interval 3.3 m.y. ago because
264of a sudden increase in the dip angle of the slab interface
265there. The slab interface and the Benioff zone under Puerto
266Rico and the Virgin Islands cannot be mapped reliably to
267verify the change in slab dip because of the small number of
268large and moderate earthquakes. The available relocated
269earthquake data set, however, hints that this may be the case
270(Figure 1a, inset). The seismic lines (Figure 3) and gravity
271models (Figure 5) further suggest that the shallow subduc-
272tion angle is steeper in the area of trench and forearc
273collapse, than in the area to the east. Published numerical
274models also predict that trench depth increases with increas-
275ing dip angle of the interface between the overriding and
276subducting plate, and with increasing slab dip angle [Zhong
277and Gurnis, 1994].
278[16] The large difference in the depth of the forearc region
279between the collapsed and the normal segments is another

Figure 5. (a) Residual gravity anomaly along the PRT, location of proposed tear (dashed line), and location of gravity
profiles in Figures 5b, 5c, and 5d. Residual gravity was calculated by subtracting the contribution of the water and a 7 km
thick crust from the free-air gravity anomaly. (b–d) Observed (dots) and calculated (thin line) gravity profiles along
reprocessed seismic profiles in the area. Seismic profiles constrain sediment thickness. Sediment thickness for the central
part of the profile in Figure 5b was projected from a diagonal profile (line 56). Dark dots are subcrustal earthquake
hypocenters from Engdahl et al.’s [1998] relocated global database.

Figure 6. Predicted topography due to depth differences between adjacent slab segments having
different dip angles. One slab dips at 15�, and the other dips at 20�. The offset between the slabs is
modeled as a vertical fault with a throw proportional to the offset. The topography is modeled using 3-D
elastic model (Coulomb 2.5 [Toda and Stein, 2002]), which can only handle infinitesimal strain, and
therefore the modeled magnitude of the offset is 1% of the real offset. Modeling the offset as a vertical
fault also results in the topographic depression diminishing with distance from the boundary between the
segments, whereas in reality, the two segments remain in their respective depths along strike, and
therefore the depression is expected to continue along strike.
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280 indication for the increase in dip angle of the slab interface.
281 Figure 6 shows the predicted topographic effect of a change
282 in dip angle from 15� to 20� between two adjacent slab
283 segments. The effect is largest at distances of 10–50 km
284 from the trench and diminishes thereafter, despite the fact
285 that the difference between the depths to the upper surfaces
286 of these segments continues to increase with distance from
287 the trench. This is because the overlying plate acts as an
288 elastic lid that distributes the offset between the two slab
289 segments, and the thickness of this lid also increases with
290 distance from the trench. The observed lateral depth differ-
291 ences between the collapsed segment and the normal
292 segment to the east are indeed largest at distances <60 km,

293and can hardly be detected on the carbonate platform farther
294south.

2955. Why Does the Island of Puerto Rico Exist?

296[17] My reconstruction of the thickness of the carbonate
297layers at the southern edge of the carbonate platform, 20 km
298south of the northern shoreline of Puerto Rico, indicates that
299the island had been uplifted by at least 1300 m since the
300deposition of the last carbonate layer 3.3–3.6 Ma. In
301comparison, the carbonate layers surrounding the Virgin
302Islands are flat and near sea level. A seismic P wave
303velocity model for the Virgin Islands indicates a positive

Figure 7. (a) Stacked radial component receiver functions computed from seismic data recorded at
IRIS/USGS broadband seismic station SJG (see Figure 1b for location) between 1993 and 1999. Radial
component receiver functions are computed by rotating the two horizontal component seismograms to
isolate particle motion in the direction parallel to the great circle path from the earthquake to the seismic
station and then deconvolving this signal by the vertical component of the seismogram. The vertical
component is composed primarily of P wave energy for events arriving from the teleseismic distance
range. The radial component therefore emphasizes S wave energy. The coda following the P wave is
composed primarily of P-to-S converted energy. Hence, by deconvolving the vertical component, we
recover amplitude coefficients and delay times for the P-to-S converted phases and reverberations from
layers beneath the seismic station. The delay times for these arrivals were converted to depths (the
vertical axis) using the IASPEI velocity model. The data were stacked into azimuthal bins 90� centered at
0� (north), 90� (east), 180�, and 270�. The number of arrivals being stacked is shown next to each trace.
Stacking is necessary to draw weak Ps phase above noise levels and helps to minimize the effects of
systematic scattering from 3-D structure. The arrival times for Ps phases from different distances were
corrected for the time delays due to differences in ray path using a standard move out correction
computed for the IASPEI velocity model. The circular diagram in the bottom right corner shows that both
the azimuthal distribution and the distance range within every 90� azimuthal bin of events are well
distributed. The large negative pulse marked by a bar on each of these traces is very likely a Ps converted
phase from a layer with an inverted velocity gradient. At a depth of 75 km, teleseismic arrivals sample a
�30 km radius cone around the seismic station. (b) The 1-D velocity model beneath the Virgin Islands
from inversion of P wave arrival times from local earthquakes [Fischer and McCann, 1984].
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304 velocity step at a depth of 75 km, which was interpreted as
305 the base of the lithosphere [Fischer and McCann, 1984]
306 (Figure 7). On the other hand, receiver function analysis for
307 a broadband seismic station in Puerto Rico (see station
308 location in Figure 1b) shows reverse polarity at this depth
309 (Figure 7), indicating a negative velocity step [Brown and
310 Gurrola, 2002]. If this interpretation is correct, then the

311overriding lithosphere under the Virgin Islands is in direct
312contact with the descending NOAM slab, giving rise to a
313positive velocity step, whereas under Puerto Rico it is in
314contact with an asthenospheric wedge (Figure 8a), giving
315rise to a negative velocity step.
316[18] Numerical models suggest that the shear stress
317imparted on the overriding plate by the descending plate

Figure 8. Sketches of the proposed model. (a) North-south cross section at the longitude of Puerto Rico
showing the change in slab dip and topography from their initial profile (dashed lines) to their present
profile (solid lines). Solid and dashed lines denote present an initial asthenospheric corner flow due to
subduction. A flow from the underside of the subducting plate through a gap between the two segments
through a gap between the two segments. (b) A 3-D view to the NE of the subducting North American
oceanic plate and the thicker Bahamas crust beneath the NE corner of the Caribbean plate. The island
Puerto Rico (P.R.) and the Virgin Islands (V.I.) are shown schematically. Orange arrows denote tensile
stresses due to the curvature of the subducting slab and tensile stress due to the subduction of Main
Ridge. Note the steeper dip of the slab under Puerto Rico relative to under the Virgin Islands. The nature
of the boundary between the two slab segments is unknown and is represented here as a sharp cut for
simplicity. Gray arrow shows a possible asthenospheric flow through a gap between the two slab
segments from the underside of the subducting plate into the corner between the subducting and
overlying plate. Thin dashed line is the PRT. Black arrow shows the relative direction of plate motion.
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318 has a significant influence on the dynamic topography
319 [Cattin et al., 1997; Zhong and Gurnis, 1992]. The
320 region above the interface becomes more depressed with
321 increasing shear stress [Cattin et al., 1997; Zhong and
322 Gurnis, 1992], presumably because the gravitational pull
323 of the slab is more efficiently transmitted to the upper
324 plate. We attribute the existence of Puerto Rico as a
325 single large island to the rebound that occurred when the
326 dip angle of the interface increased and the lithosphere
327 under Puerto Rico lost contact with the descending slab
328 (Figure 8b). Without this rebound, Puerto Rico would
329 probably have looked like the British and U.S. Virgin
330 Islands, where the downgoing slab is still in contact with
331 the overlying lithosphere (Figure 8a). Indeed, the recti-
332 linear shape of Puerto Rico is not determined by faults
333 along its north and south coasts. Instead, the finite
334 rigidity of the overlying lithosphere dictates that the entire
335 region south of the trench be tilted northward because of
336 the collapse of the trench and the rebound under Puerto
337 Rico. (The region west of Puerto Rico is submerged
338 because of the present east-west crustal extension between
339 Puerto Rico and Hispaniola, as will be discussed later).

340 6. Did Shearing or a Tear Cause an Increase in
341 Subduction Angle?

342 [19] I suggest that the increase in slab dip and plate
343 interface dip occurred because a shear zone or a tear
344 developed in the downgoing slab and isolated a segment
345 north of Puerto Rico from the much larger part of the slab to
346 the east. This deformation zone could be sheared and
347 extended or could be completely torn, and the rheology
348 could vary from brittle at shallow depths to ductile at deeper
349 depths. Present observations however, do not provide good
350 constraints on the deformation style.
351 [20] If the slab segment of Puerto Rico had been held
352 at a certain descent angle by the rigidity of the subduct-
353 ing NOAM slab under the Lesser Antilles arc, then a
354 shear zone would have weakened this support causing it
355 to sink (Figure 8a). The expected timescale for litho-
356 spheric bending is on the order of 105 years [Watts,
357 2001], in accord with the estimated duration of the tilt
358 of the carbonate platform. Trench-perpendicular tears have
359 been interpreted elsewhere (the northern end of the Tonga
360 Trench [Millen and Hamburger, 1998] and the Kurile
361 trench [Tanioka et al., 1995]) by earthquake focal mech-
362 anisms, but the associated vertical motions near these
363 tears are much smaller than in the PRT. This is perhaps
364 because the slabs of northern Tonga and the Kurile trench
365 are much deeper and much longer than the Puerto Rico
366 segment, and are therefore supported by plate rigidity and
367 by the surrounding mantle.
368 [21] The collapse of the PRT could also have been the
369 result of a change in the balancing forces on the
370 descending slab. The gravitational body force on
371 the descending lithospheric plate acts to pull it vertically
372 down. Counteracting this force is a lifting pressure or
373 suction on the upper surface of the descending plate
374 caused by an asthenospheric corner flow that is induced
375 by the motion of the descending plate. The balance of
376 these two forces is thought to keep the plate at a finite
377 descent angle [Stevenson and Turner, 1977]. The suction

378force could be reduced, however, if the descending slab is
379narrow, allowing flow around the edges of the slab to
380partially relieve the suction force [Dvorkin et al., 1993].
381The short duration of the carbonate platform tilt, 15–
38240 kyr, is compatible with changes in asthenospheric
383flow, which have a timescale of 104–105 years.
384[22] Finally, the westward increase in slab’s age and the
385westward decrease in convergence rate might have con-
386tributed to the westward decrease in slab buoyancy once
387a shear zone or a tear developed. The oceanic lithosphere
388that enters the PRT is old, within the Cretaceous magnetic
389quiet zone (Figure 1a). A linear interpolation across the
390magnetic quiet zone gives an age of 99 Ma at the
391location of the tear and a westward increase age of
3923.7 Ma/100 km. Plate convergence rate decreases from
39314 mm/y at 62�W westward to 4.2 mm/y along the
394deepest part of the trench (Figure 1b). Correlations
395between seismic coupling and age and between seismic
396coupling and plate convergence rate were observed for
397individual subduction zones and are probably related to
398the decreasing buoyancy of the subducting plate with
399increasing age and with decreasing convergence rate [e.g.,
400Pacheco et al., 1993].

4017. Where is the Shear Zone Located?

402[23] The shear zone in the slab is inferred to originate
403next to the region of maximum deformation on the
404NOAM plate and at the place where the trench is locally
405deflected southward (barbed line in Figure 1b). Centroid
406moment tensor solution for one of the larger earthquakes
407in the swarm at 64.5�W (marked A in Figure 1b) shows
408left-lateral slip with a downdip component on a subvert-
409ical fault. It may reflect differential motion between a
410more steeply subducting part of the slab to the west, and
411the less steeply dipping part of the slab to the east. A
412similar focal mechanism was observed in a few earth-
413quakes west of the northern edge of the Tonga trench
414[Isacks et al., 1969] and along the south edge of Carnegie
415Ridge [Gutscher et al., 1999] and was interpreted to
416indicate tearing of the subducting Pacific and Nazca
417plates there, respectively. Tear earthquakes are expected
418to occur even after a shear or a tear has been established,
419because the tear continues to propagate into the plate
420entering the trench.
421[24] The proposed location of the shear zone or the tear
422(dashed line marked ‘‘Tear’’ in Figure 1b) is coincident
423with the trend of the 16–22 October 2001 subcrustal
424earthquake swarm. The swarm consisted of 80 earth-
425quakes having magnitudes ML < 5.5 at subcrustal depths
426(Figure 1b). The larger seismic events were felt along the
427north shore of Puerto Rico but not in the Virgin Islands,
428which are closer to the epicenter (C. von Hillebrandt,
429personal communication, 2001). The proposed tear or
430shear zone location is also coincident with the eastern
431edge of the free-air gravity anomaly, the edge of the
432residual gravity anomaly, and the change in forearc depth.
433It may continue farther south to the NE corner of the
434island of Puerto Rico, which separates the uplifted and
435tilted carbonate platform onshore Puerto Rico from the
436flat and submerged carbonate platform around Culebra,
437Vieques, and the Virgin Islands. There is no surface
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438 faulting in the forearc or the arc along this entire trend,
439 which argues that the deformation is subcrustal.

440 8. What Might Have Caused the Deformation?

441 8.1. Tensile Stresses due to Trench Curvature

442 [25] One source of lateral stresses within the descending
443 plate is its curvature in plan view (Figure 8b). Frank [1968]
444 noted that the arcuate shape of trenches is a geometrical
445 consequence of subduction of thin spherical shells and
446 suggested that the surface area of an inextensible plate is
447 conserved only if the radius of the curvature of the arc
448 equals twice the dip of the subducting plate. Focal mech-
449 anisms of earthquakes indicating lateral tensile stresses
450 within the descending plate were observed in some arcs
451 with radius of curvature less than twice the subduction dip
452 [Burbach and Frohlich, 1986].
453 [26] Paleomagnetic results of the carbonate layers indicate
454 that Puerto Rico underwent 22 ± 9� of counterclockwise
455 rotation after 11 Ma and that the rotation was complete by
456 4.5 Ma [Reid et al., 1991]. This rotation could have increased
457 the trench curvature, and consequently the plan view curvature
458 of the NOAM plate (Figure 9). By 11 Ma, the PRVI block had
459 cleared the Bahamas platform, except perhaps for the NW
460 corner of the PRVI block, which was still pinned down by the
461 SE tip of the Bahamas. This may have caused the PRVI block
462 to rotate CCW. The consequences of this rotation might include
463 the opening of the Yuma and Cabo Rojo rifts (Figure 9) and
464 the termination of Caribbean underthrusting south of Puerto
465 Rico. The rotation also resulted in an oblique left lateral
466 opening of Anegada Passage, which is corroborated by
467 observations [Gill et al., 1999], because the Caribbean plate
468 was moving eastward at a faster rate than the rotated PRVI
469 block. By 4.5 Ma, the PRVI block was aligned with the
470 Caribbean plate [Reid et al., 1991] and, according to GPS
471 results, is presently moving at the same rate and direction
472 (within measurement errors) relative to NOAM as the Carib-
473 bean plate [Calais et al., 2002; Jansma et al., 2000; Mann et
474 al., 2002]. The movement of Hispaniola, however, continues
475 to be impeded by the Bahamas [Calais et al., 2002; Jansma et
476 al., 2000; Mann et al., 2002; Vogt et al., 1976] producing
477 collision and mountain building in western Hispaniola, sub-
478 duction of the Caribbean plate under eastern Hispaniola, and
479 opening of the Mona Passage (Figure 1b).
480 [27] As the trench curvature increased, the obliquely
481 descending NOAM plate was subjected to increasing lateral
482 strain. In Figure 9 the trench-parallel extensional strain is
483 calculated after rotation at a distance of 90 km from the
484 trench along the trajectory and plane of the descending
485 plate, which corresponds to a depth of 30 km assuming an
486 average orthogonal descent angle of 20�. The calculated
487 lateral strain shows an increase in the vicinity of the
488 proposed tear after the rotation took place (Figure 9).
489 However, tensile stresses due to increased curvature of the
490 subducting plate are by themselves probably insufficient to
491 tear the plate, because such tears are not observed in other
492 tightly curved trenches such as the South Sandwich
493 (Figure 2) and the Hebrides.

494 8.2. Tensile Stresses due to Seamount Subduction

495 [28] Subduction of seamounts and aseismic ridges is
496 known to disrupt the subduction process [e.g., Gutscher et

497al., 1999]. I propose that the underthrusting of Main Ridge
498(Figure 10a), a 50–60 km long and about 2000 m high
499ridge, was the immediate cause of the tear in the descending
500NOAM plate. The highest peak of Main Ridge, when
501projected 3.3 m.y. ago in the direction and rate of relative
502plate convergence (N70�E at 20 mm/y) was located at the
503shear zone or the tear close to the southward deflection of
504the trench axis at long 64.5�W (Figure 10).
505[29] Following McCann and Sykes [1984], I interpret
506Main Ridge to be a subducted volcanic ridge (an aseismic
507ridge) because its axis is subperpendicular to the observed
508abyssal hill grain of the subducting NOAM plate north of
509the trench between 62�W and 66�W (Figure 1b). A focal
510mechanism of an earthquake from this location indicates
511active compression (Figure 10a). A comparison of tectonic
512features in the vicinity of Main Ridge with features pre-
513dicted by sandbox models of subducting seamounts
514(Figure 10b) supports the interpretation of Main Ridge as
515a subducting seamount. Sandbox models predict the devel-
516opment of a frontal thrust and a back thrust on either side of
517the seamount [Dominguez et al., 2000]. A reentrant in the
518forearc is expected to develop where the seamount entered
519the trench, and strike-slip faults bound the sides of the
520seamount trajectory in the forearc [Dominguez et al., 2000].
521These predicted features are observed in the PRT and
522forearc (Figure 10a). The southward deflection in the trench
523is interpreted to be the reentrant that was formed in the wake
524of the seamount subduction (Figure 10a). Because subduc-
525tion is highly oblique, only one strike slip fault formed
526parallel to the trajectory of Main ridge. A seismic profile
527through the frontal thrust and back thrust faults show that
528they are juvenile, deflecting and pulling up sediments that
529were laid horizontally (Figure 10c).
530[30] A subducting seamount sticks above the interface
531between the plates and is therefore expected to generate
532additional resistance to subduction. Resistance to subduc-
533tion is transmitted within the subducting slab and in the
534overlying plate in the form of in-line stresses. These stresses
535were modeled as static stress changes using Coulomb 2.5
536Program [Toda and Stein, 2002] as follows. The resistance
537to subduction on a limited patch of the interface was
538modeled by imposing displacement on this patch in a
539direction opposite to the subduction direction, and no
540motion in the surrounding interface. Stress changes arising
541from this displacement were calculated on fault planes
542dipping at 60� down slab. The calculations shows large
543tensile stresses developing within the slab downdip of the
544seamount and under its frontal part (Figures 10d and 10e).
545This stress change pattern appears to be corroborated by
546observations in the Hikurangi subduction zone, New Zea-
547land. A normal fault that cuts through the upper part of the
548slab there was associated with a sequence of earthquakes
549with normal mechanisms that were located along a plane
550dipping 60� down slab [Robinson, 1994]. The fault was
551located beneath the frontal part of a 20 km wide ramp on the
552slab interface [Louie et al., 2002].
553[31] The calculated stress changes (Figures 10d and 10e)
554indicate that the subduction of Main Ridge 3.3 m.y. ago
555could have induced extension within the NOAM slab. Since
556Main Ridge was subducted in a direction that is subparallel
557to the trench, the extension direction is expected to have
558been subparallel to the trench. This may have triggered the
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Figure 9. Kinematic reconstruction of the NE Caribbean (a) before the rotation of the Puerto Rico and
Virgin Islands (P.R. V.I.) block 11 Ma [Reid et al., 1991] and (b) after rotation ended but before the
collapse of the carbonate platform 3.5 Ma. It is assumed that at 11 Ma the arc (dashed line) was
continuous from the Lesser Antilles to Hispaniola and that the Caribbean plate has moved since then at a
an average rate of 20 mm yr�1 in a direction 70� relative to North America (black arrows). Areas of
overlap in the 11 Ma panel result in later rifting such as in the Mona, Yuma (Y.R.), and Cabo Rojo rifts
(C.R.R.) and in the Anegada Passage. White regions are regions of later shortening by subduction or
collision. The assumed 14� rotation in our reconstruction is within the error in the paleomagnetic results
(J. Reid, personal communication, 2001) and minimizes the amounts of extension and shortening along
the block boundaries. Multicolored line is the calculated lateral strain within the descending plate caused
by its subduction under the curved PRT. Strain was calculated by comparing the distance intervals along
the trench axis to distance intervals of their trajectories along the subduction direction (250�) 90 km away.
The trajectories are plotted at their surface projection. Average plate descent angle perpendicular to the
trench is 20�. Comparison between curvatures of the 11 Ma and 3.5 Ma (as represented by the forearc
front) shows increased strain with trench curvature due to block rotation. Dashed line is the future
location of the tear.
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Figure 10
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559 deformation in an area already subjected to trench-parallel
560 tensile stresses due to the trench curvature (Figure 8).

562 9. Alternative Models

563 [32] The vertical motions described in this paper are
564 attributed to a sudden increase of slab dip in part of the
565 Puerto Rico trench, due to intraslab shearing, extension, or
566 perhaps a complete tear. Next I discuss alternative models to
567 explain these observations.

568 9.1. Subduction Initiation

569 [33] Quantitative models of subduction initiation at frac-
570 ture zones [Hall et al., 2003] and qualitative models of
571 spontaneous subduction [Stern, 2004] predict rapid subsi-
572 dence of the trench and forearc. Subsidence of the Puerto
573 Rico trench and forearc could be interpreted in this context
574 as a change from a transform plate boundary to subduction
575 about 3.3 Ma. There are, however, several difficulties with
576 this interpretation. The subduction initiation models predict
577 a rapid roll back of the subducting plate that is associated
578 with reheating and extension of the forearc and MORB-like
579 volcanism, but there is no indication of reheating and
580 volcanism in the forearc. Observations from New Zealand
581 [Stern and Holt, 1994] indicate broad platform subsidence
582 of the back arc region at the onset of subduction, which is
583 not observed in the Caribbean plate. Hall et al. [2003]
584 model predicts a very short uplift phase of the arc followed
585 by 1–2 km of subsidence, contrary to the observed uplift of
586 Puerto Rico. Other models [Toth and Gurnis, 1998] and
587 observations from New Zealand [House et al., 2002]
588 suggest, however, several kilometers of dynamic uplift
589 during the incipient subduction.
590 [34] The geologic history of the northern Caribbean plate
591 boundary also argues against the interpretation of vertical
592 motions as arising from subduction initiation. Cretaceous to
593 early Tertiary subduction took place under Puerto Rico and
594 the Virgin Islands, which are made of volcanic arc rocks.
595 The youngest plutonic rocks are 45 Ma in Puerto Rico and
596 35 Ma in the Virgin Islands [e.g., Larue et al., 1998]. The
597 geometry of Cayman Trough along the NOAM/Caribbean
598 plate boundary farther west [e.g., ten Brink et al., 2002, and
599 references therein] indicates a stable (within a few degrees)
600 direction and rate (within 5 mm/y) of relative plate motion
601 since 49 Ma. Therefore it is difficult to envision in this
602 context how only a segment of the plate boundary will
603 change from a transform plate boundary to subduction
604 initiation.

6059.2. Interaction of Two Subducting Slabs

606[35] Dillon et al. [1996] proposed that downward
607pressure of the subducted edge of the Caribbean plate
608on the subducted edge of the NOAM plate under Puerto
609Rico and the Virgin Islands caused the latter to deepen.
610Dolan et al. [1998] pointed out subduction of the
611Caribbean plate may only take place under the Dominican
612Republic, and not under Puerto Rico. GPS results [e.g.,
613Jansma et al., 2000; Mann et al., 2002] show the motion
614of Puerto Rico and the Virgin Islands to be similar
615(within measurement error) to that of the Caribbean plate.
616Moreover, the seismic activity south of Puerto Rico is
617sparse (Figure 1b) and does not indicate subduction of
618the Caribbean plate there. In addition, the rate of NOAM
619slab deepening by this process is expected to be slow
620contrary to the deduced rate of the carbonate platform
621collapse and its abrupt initiation.

6229.3. Subduction Erosion

623[36] Erosion of the base of the forearc by NW-SE oriented
624topographic ridges on the subducting NOAM plate was
625suggested to be the cause for the large depth of the Puerto
626Rico trench and the collapse of the carbonate platform [e.g.,
627Birch, 1986]. These proposed ridges included Main Ridge
628[McCann and Sykes, 1984], two ‘‘fracture zones’’ (Main
629Ridge and a parallel ridge 100 km to its west [Muszala et
630al., 1999]), and Mona Block (Figure 1b, 19.1�N, 67.7�W)
631[Mann et al., 2002]. However, the observations do not
632support this interpretation. First, tectonic erosion of a
633narrow ridge would not have generated a large negative
634gravity anomaly, or the unusually deep and uniform trench
635floor along a 250 km long section of the trench (Figure 1b).
636Second, the fastest known forearc subsidence attributed to
637subduction erosion is at the Tonga Trench at 26�S (>2 km in
6383 m.y.) [Clift and Vannucchi, 2004], much slower than the
639rate deduced here. Because of the relative plate motion, the
640various proposed ridges should have swept under the trench
641and forearc from east to west along a N70�W trajectory at a
642rate of 20 km/m.y. It would have therefore taken Mona
643Block 17.5 m.y. to traverse the subsided area west of
64464.5�W (Figure 1b), and Main Ridge and the fracture zone
645to its west would not have traversed yet the entire area. The
646slow traverse would have resulted in a differential subsi-
647dence starting in the east and extending slowly to the west
648and in a slow differential tilt of the carbonate platform that
649should be manifested by increasing layer dip with depth.
650Neither one is observed.

Figure 10. (a) Enlargement of the bathymetry in the vicinity of the tear and Main Ridge showing several features that are
predicted by sandbox models of forearc deformation due to the subduction of a seamount. (1), frontal thrust; (2), back
thrust; (3), reentrant; (4), strike-slip fault along trajectory of seamount subduction. Arrow shows location of Main Ridge
3.3 m.y. ago, assuming relative plate motion of 20 mm yr�1 at azimuth N70�E. (b) Interpretation of sandbox model results
of a subducted seamount from Dominguez et al. [2000]. (c) Part of reprocessed seismic profile shell 2124 showing thrust
faults with opposing dips around Main Ridge. (d and e) Coulomb stress changes due to the subduction of a seamount. A
seamount is expected to resist subduction more than a smooth slab interface. The resistance of the seamount to subduction
was modeled using Coulomb 2.5 [Toda and Stein, 2002] by imposing displacement on a 20 � 60 km wide patch on the slab
interface in a direction opposite to the subduction direction and by assuming no motion in the surrounding interface. The
stresses were calculated on fault planes dipping at 60� down slab. Plan view of the stresses calculated at a depth of 10 km
(dashed line on the depth section) is shown in Figure 10d. Depth section along the center of the seamount (dashed line on
the plan view) is shown in Figure 10e. Positive indicates increased normal stress, and negative indicates increased
compressive stress.
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651 9.4. Crustal Forces

652 [37] Published crustal models to explain the unusual
653 observation of the Puerto Rico trench cover almost the
654 entire spectrum of tectonic processes. These models
655 included transtension and rifting at the trench [Bunce and
656 Fahlquist, 1962; Speed and Larue, 1991], N-S compression
657 and buckling [van Gestel et al., 1998], subsidence and uplift
658 due to geometrical complications in a strike-slip fault
659 system [Jany et al., 1990], and subsidence and uplift due
660 to counterclockwise rotation of the Puerto Rico/Virgin
661 Island (PRVI) block [Masson and Scanlon, 1991]. Crustal
662 forces that operate by repeated fault ruptures will result in a
663 slower deformation rate than mantle flow, thus it will be
664 difficult to explain the short duration of subsidence (tens to
665 hundreds of kiloyears) by crustal extension, block rotation,
666 or crustal compression. In addition, there is little evidence
667 of large active crustal faults that accommodate brittle
668 deformation within the forearc, as suggested by these
669 models (e.g., Figure 1b). Moreover, brittle deformation is
670 unlikely to create a uniform tilt angle along a 250 km long
671 section of the plate boundary. Finally, models such as
672 compression and buckling are not likely to generate the
673 amplitude of negative gravity anomaly that is observed over
674 the trench and forearc.

676 10. Summary and Conclusions

677 [38] The hypothesis described here offers a coherent
678 explanation to many observations in the NE Caribbean,
679 which puzzled scientists for the past 40 years. These
680 observations include the unusually great depth of part of
681 the PRT, the lowest free-air gravity anomaly on Earth, and a
682 tilted Oligo-Pliocene carbonate platform whose northern
683 edge is at a depth of 4000 m bsl and whose reconstructed
684 southern depth is at an elevation of 1300 m asl. The
685 platform is uniformly tilted along a 250 km long section
686 of the trench, and the duration of the tilting event is
687 estimated at between 15–40 kyr. I propose that these large
688 vertical movements were generated in the middle Pliocene,
689 when the dip of a segment of the descending NOAM slab
690 was suddenly increased. The increased descent angle would
691 have caused the trench and the proximal forearc to subside.
692 It would also have caused the upper plate under the arc to
693 detach from the descending slab. This would have allowed
694 the arc to rise, which created the island of Puerto Rico.
695 [39] The increasing slab dip is attributed to deformation
696 within the slab that caused it to shear, extend, and perhaps
697 even tear. The increased slab dip could have been caused by
698 either the loss of the ‘‘suction force’’, which balances the
699 gravitational pull on the slab due to sideways asthenospheric
700 flow through the tear, or because this segment lost the
701 support of the rest of the descending rigid slab. On the basis
702 of gravity, topography, seismic activity, focal mechanisms,
703 and deformation of the seafloor, we locate the tear or the
704 shear zone along a diagonal trend extending from the trench
705 north of the Virgin Islands southwestward toward the
706 northeastern edge of Puerto Rico.
707 [40] Two processes might have caused the slab to tear
708 3.3 m.y. ago. Counterclockwise rotation of the PRVI block
709 during the Late Miocene probably increased the trench
710 curvature, which would have increased the trench-parallel

711tensile stresses in the slab. Into this tighter curvature entered
712a large seamount about 3.3 m.y. ago, which would have
713created additional tensile stresses within the slab beneath the
714seamount.
715[41] The model proposed here provides a tectonic frame-
716work for the NE Caribbean plate boundary, which will help
717in the assessment of earthquake and tsunami hazards for
718Puerto Rico, and the British and U.S. Virgin Islands [ten
719Brink et al., 1999]. Beyond the regional interest, it shows
720that geological phenomena of the scale observed here can
721arise from local crustal interactions through coupling be-
722tween lithosphere and asthenosphere and between horizon-
723tal and vertical tectonic forces. Finally, the contrast between
724the collapsed trench and uplifted island in the Puerto Rico
725section of the subduction zone, and the adjacent more
726normal subduction zone of the Virgin Islands, provides
727constraints on dynamic models of subduction zones. A
728more detailed study of the history of the collapse of the
729carbonate platform may help constrain the rheological
730properties of the slab and its surrounding asthenosphere,
731and may also provide constraints on rates of reef and
732platform growth during sea level rise.
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